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By Gerald Hieser 

Studies of the stalllng characteristfce show that the eta= 
bee;ins 8% the tip and moves..inboard with increasing angle of attack 
a t  positive sweep; the eta11 begins at root and move6 outboard at 
negative sweep (sweepforward) . A t  +45O sweep the stall m a  leas 
sharply deflned than at the lower angles of sweep 

L 

no effect of Mach number on the.flow patterns 88 indicated 
by tufts wes found In the swed range of these  teste which extended 

I t o  a Mach nmber of 0.55. 
. .  , .  

INTRoDUepIOIi 
.. . 

It i s  'shown i n  reference 1 that the  f l o w  pattern about  a am* 
wing d i f f e r s  . f i c i n  th€ of an .-wept Wng. For the swept wlng the 
component of d o c i t y  ncmaal %o the leading edge (the effective 
selocity) i e  changed In magnitude by the ,Fnduced V e h C i t i 0 6 ,  while 
the 'component para l le l  to the leadfng edge relCa-8 unchanged. The 
resulting difference i n  f low pattern about a swept caueee 
changes in the load d.iatrib,utfoh and is thereby a'cccenpanied by 
changes in the force and'nmment 'characte~iet ics  . .  - 

* 
The p-pose of -the present Investigation i e  to present 8 tuft 

etudy of three-dimensional Tlow aver it wing at.variQus angles of 
,, . 



, sweep.. The resulte are  6iven i n  ths form of photographs of tufts 
on the upper slwface of the. wing and by sketches of streamlinee 
intsrpretod from the tuft patterns. The data are presented far 
sweep angles of Oo, 30°, 450t and -43O (eweepforward) over an 
angle-of-attack' range, and f o r  tunnel speeda ranging f'rm M = 0.13 
to M = 0.55. The correoponding range of Reynolds number basod 
on man chord moaeurad para l le l  to tbe air stream waa from about 
3 . 3  miUion to 18 million. A ccmrprieron' of the low-speed stalling 
chnractleris%lcs of  the xLng at the varloue awesp angles is shotrn 
by the tuft paotographs and sketches showing the etreamlims. 
I n  addition, calculated streamlinos o v e ~  the wing a t  a repre- 
seil+a%ive ang1.e of at"uack f o r  the different eweep angles a r e  w e -  
seated f o r  cmariacm with t h e  flow indicated by t u f t s .  The data 
pr%wmixd herein 8;ro one phase of a genmal investigation of the 
effects  of s-mep on. the aerodynenLc characterist ics of the peerent 
wing 0 - . .  

M f'ree-etremn Vach number 

A angle of eveep matimed f'r& the  direction normal t o  the 
tunnel longftudimil axie, degrees 

a geometric angle of attack, degrees 

x/c r a t i o  of diatance  along the chord t o  the chord length 
measured fram the leadfng edge 

A 10-f oot semigpan mACA -215 wing which had a mean chord 
of 3.333 f ee t  ana tapered l inegru  f r a m  a root chord, of 4 -44 feet 
t o  2.222 feet a t  the t i p  i n  the unswept canfiguration was used f o r  
the preeent study in the Langley i6-foot hightepeea tunnel. The 
wing had no dihedral or t w i s t  ,and. the a ir fg i l  esctions were normal 
to the l/k-chol*d l ine and parallel  t o  the tunnel longitudinal  axfs 
a t  0' sweep. The wing was mounted with the root , a t  the tunnel wall 
and wa8 pivoted a t  the 90-percent chord etation of t h e  root' to 
obtain sweep. A &I.f'f'erent wing tip for each weep angle was used 
80 tha t  the t i p  was para l le l  t o  the tunnel longitudinal a lds .  The 
over-all dimemione of .%he wing are  &ven. in b b l e  1 for esch sweep 
configuration. The model is' shown mounted in the,.tupnel at sweep 
a w e s  of oO, 30°, and 450 in figure 1. \ 
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Wool tufta, 2 inches long, were &-ranged in row on the upper 
eurface of tbe wing a t  verious apen-dse stetions parall-el t o  the 
tunnel air stream. EI m&er t o  cc91T)8re the direction of flow over 
the w h g  as . , i cd i ca td  by tufts wf.th the free-atreaa  direct5on, 
s%rips of black mask5143 t a p  were located  on'the surface at varloua 
spanwise'etationa parallel  t o  the tunnel longitudlm2. axis .  W i t h  
one exceptfan, the tufts located  betmen the close* spaced s t r ip s  
of tape (see figs showfng tuFtr photographs) were mounted on wire 
masts at different heights above the Burface, varying from surface 
level near the leading edge t o  1- inchea near t h e  trailfng edge. 1 

4 
The eleva-bd t u f t s  ware located'so that they would be out of the 
boundary layer a t  small a@.ss of attack. Wi%h the wing a t  0' sweep 
the  tufts between the closely spaced strips of tape nearest the 
root and tip were all mounted. on t h e  wing surface. The remaining 
tufts were also on tbe' wlng surface and were held in positlon by 
Scotch- cendoEie -&pee 

Since  there FWS considerable leaks@ of a i r  between the t m e l  
tes t   sect ion aztd t h e  tee5 chamber, leakage deflector plates were 
I n e t a l l e d t o  re&uce the ef fec t  of air leakaga on we flow about 
the wing surface. F i g w e  2 ehowEi the details of the plates which 
weLw located 1/2 in~h from t he  tunnel wall and extreMed 2 inches 
from the up-r and lomr surfaces of the wing. 

In order t o  ascer ta in  whethe2 or not %he thick boundary layer 
of the t unnd  wall affected th8.flOW about the wing with sweep, 8 
1/8-inch steel plate PWB inotal lsd parallel t o  the tunnel axis  
5 inches *can the tunnel wall. (The thiclmoss of the bounihry 
layer a t  the teat section has been determined aa- 5 inches .) The 

curved snootllly t o  points 4 inches ahead of the leading edge an.& 
behind the trailing edge. 

extended 18 inches above and below the wing surface and 

. .  

Tuft photographs were obtalned at the flame test  conditrom 
both  with and without the tunnel boundary-layer plate   insts l led on 

. the  wing a t  a sweep of 45O. .The pictures (fig. 3) were obtained 
at a &ch nuaiber of 0 -13 and a t  anglee of a t t sck  of 10° and 14'. 
As can be men, no eignificalit change i n  the flow characteristics, 
w5th and k*ithout the plate, is indicated by the tufts. ' Hence, a l l  
enauing photomphs were attained without the plate i m b u e d .  

The tuft patterns over the wing at ea.& sweep angle for  a 
geometric angle of attack of 6O and a Mach number of 0.55 are shown 



in figure 4. A sketch of t h e  wiq at each configmation of fi@m 4 
showing the streamlines €8 presented In figure 5 .  The 80lid l ines  
on t'ne sketchea represent strearolinee indicated by eurface tilfte 
and.the dashed Ume &ow streamlines indicated b;r row8 of elevated 
tufts W i t h  tihe wing uaempt  (f iga . 4( a)  and 5 )  ';he tuf'te 'ehow 
that t h e  direction of flow over the  surface was p z a l l e l  t o  the 
fYee stream except at the rear.port€on of the tip a-ad in  the 
boundary layer along the trailing edge where the Plow Was inward. 
The inflow r e e d t e d  &om the epanwlse pmssure gradient which 10 
present, on a l l  finite spn  wings . The t&e indlcate that  t h e  
flow outaido;the boundary layer a t  the t ra i l ing  edge remained 
paral le l  to the f r e e  stream. In   the  b O m r y  layer the component 
of inflow is large r e l a t ive   t o  the velocity i n  the f'ree-stcrearn 
direction; however, above the bounbry lager the inflow is smll 
i n  relation t o  the free-&ream  co;llpoxat Hence, the effect  of 
inflow ie note& .only by tho t u f t 6  i n  ..t;tie boundary layer The . 
deviation of Plow f'rm the free-stream cEirection which exi8ted 
beyond the 50-percent chord etatian near the wlng root was due to 
the wake of the -11 pivot pfn bracket. Thie influence extended 
over only a amall ,portion of the wing surface. A t  sweep angles 
of 30° a N  45O (ftG. 4 and 5), the atr experienced an uward flow 
over the fommrd'portion of the wing. Thie flow m a  caused by tihe 
Fncreaee in'-tke velocitr component normal t o  the leading edge. As 
the a i r  progeased further acrose the.swface,  the decrease i n  t h e  
induced velocity of the n o m 1  conponent resolved the reeultant 
flow Ln a direction parallel t o  the free stream. In t h e  boundary 
layer near +&e trailling edge a spanwise f low toward the tfp existed 
Wch resulted f 'ran the pronounced a-panwise pressure  gradient. 
(normal to   t he  fYee atream) due t o  sweep. As in t he  case of t h e  
mewept wing, the spanwise f l o w  ie large as  camFred to the 
boundary-lager f low in t h e  free-stream directtan, but is small i n  
relation to the stream vectcxr above, the boundary layer. Hence, 
*e  outward flow is shown by the surfece tuft8 'but does not affect 
the elevated tufts. In the caee of A = -45' (eweepforward) shown 
in figures 4(b) and 5 ,  the spanwise f low over the front portion of 
the wing, Bue t o  changes fmpaY.ted to.the  effective velocity, vas 
,outward. The spanwise flow near t h e  t r a i l i ng  edge, which is 
inwarit at sweepforward, was more pronounced than the outward flow 
for the 45O ewept-backconfigimtion. The inward flow .at eueep- 
fOrWard was indicated by both the surface tuft8 and the elevated 
tufts 

' Tuft photograph6 of t h e  wing a t  the variouk sweep angles far 
a geometric angle of attack-09.60 and e Mach number of 0.2 are 
presented in figure 6.. A. caparison of the tufts in this figure , 
with those in figure 4 ahowe that  no effect  of Mach ntnmber on the 
flow pattern existed in the range *om M =, 0.2. to :M = 0.55. 
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Figure 7 presents calculated streamlinee o m r  the wing a t  
each sweep angle for  a g s m t r i c  angle of attack of 6'- The ~al- 
culations wqre based oa pressure dfstributione masirred a t  the 
spantrlse stat ion 52 inches f'rcan the root (52 'cos A). The as- 
tributionb were measured when no tufts were on the wing and were  
cros8-fafred so that   the  pceesuree 'were determined along chad ' 
l h e s  parallel to the free stream. The direction of the flow at 
any chordwise s ta t ion waa calculated aseumlng that the induced 
velocity corresponding t6 the pressure c0erffci-t was imparted 
t o  the  velocity  vector normal t o  the leading edge. The resultant8 
of the  'components narmal t o  the lea'- edge and parallel  to the 
1ead.ing adge were determined and the tangents of the  angles between 
the  free-stream direction and the resultant comgonente were plotted 
against carresponafng ChOrdwiS8 stations.  The etreamlines were 
then derived integration of the resulting curve front the leading 
edge to vari~t.18 chordwise stations.  

A similarit3 of t h e  patterns of atreamlines outside the 
, boundary layer shown in figuree 4 and 5 and the calculated patterns 
of figure 7 ban be noted. The 8panw3se flow in  the boundary layer 
near t h e  trailing 8- due to the s p a n ~ e e  preseure gradients were 
not included In t h e  calcula-krane of figme 7. 

Figure 8 ehom the tuft pat te rn  over the wing at an angle of 
attack of Oob Mach number of 0.55, and sweep mglerj of Oo, 30°, ' 

45', and -45 . Due t o  low induced velocities and small spamriee 
pressure  gradients, the f low was, ~n general, paral le l  t o  the free 
stream a t  all sweep angles. 

The tuft patterns over t h e  wing at geametric a w e s  of attack 
from 8O through the s ta l l in  angles a t  B Mach number of 0.13 for 
sweep angles' of Oo, 30°, 45. Q , and -45O are presented in figures 9, 
11, 13, and 15, respectively. These figures are  mpplanented 
sketchee of the wing showing streamlinee Interpreted f roan  the tuFt 
photographs. The sketchee are presented in figures 10, 12, 1-4; 
and 16, and the streamlines 818 shown for several angl.0~ of attack 
a t  each sweep angle. They a lao  include shaded a r e a s  where the f l o w  
1s unsteady snd thereby aid in shouing the prograss of stall over .. 
the FI-Lng. 

T u f t  B u r V 6 p 3  on the wing with no sweep (figs 9 and 10) show 
that  separation began at about l 4 P  near the  trailing edge and 
progressed toward' ,the leading edge a8 the angle was increased. 
The stall prosesaed. f o m r d  mare rapidly near .the ceder  of the 
tring than at the root and t ip.  Ho tuft photographs were obtained 
beyond 20' angle of attack, however, force data indimtad. that a 
aharp s t a l l  o c c m d  a t  220. 



The tuft survegs for the 450 awesp canflguration are shown i n  
fig~+-es 13 and 14 for angles of attack through the stall ing  range* 
Thes'e' figures .ehow. that the flow patterns. .were stmilar t o  thoee 
for 30° of, sweep except that  Beperation at $he tip began a t  a 
lomr. angle of at tack fgr . the 45O sweep canfiguration. A rapid 
change in  the flow charact'erietice over $be outer portion of the 
King between 18O and 1g0 1.8 indlca.ted., denoting t h a t  an abrupt 
8ta.U occurred a t  .$@e. t-ip only Above 190 %he p r o g r e ~ s  of separa- 
t ion  w58 gradual and moved f r c a n  the t i p  and t r a i l i ng  edge t o  t h e  
inboard end forward  portlone of the wlng. Bo abrupt s t a l l  over 
the wing .in general is indicated a t  angles of attack up kc? 28O. - 

, The t u f t  photographtj for  *e. -45O @weep configuratfon a t  ' 

angles o f .  a t tack .rangLng f'rm e? to 28O are pressnted in figure 15 
Sketchea ehowing the patterns of streamlines "e.. shown in figure 16. 
Sollie of the photogra2he a t  high anglee of a t tack (fig. 15) were 
repeated since the entire wlng could no8 be photographed uithout 
sh i f t ing  the camera. Separation a t  -45O.awsep began on the inboard 
portion of the wing at about Eo angle. of at tack and progressed 
outward slowly until an angl.e Cp 28 xaa reached where the vlng 
was almost entirely etalled. ' A n  inward flow over the rear portion 
of the wing 28 ahom clearly. 

Tuft etudfes of-.the .flow ,over a eemispen wing a t  sweep angles 
of 00, 300, 45O, and, -45O show that  a .pronounced epanwise flow 
occurs i n  the,boundary layer along-the .trailing.edge at sweepback 
and sweepf.orward. This  flow is outmrd at Bweepback and inward 
at sweepf orward 

Y 
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Bo effect of Mach number on the flow pattern over a awe& 
wing was indicated up to 8 Mach number of 0.55. 

Langley Elemoris1 Aeronautlcal Laboratory 
National Advisory Committee for Aeronautics 

Langley Field, Va 

1. Jones, Robert T. : Wing Plan Forms for High-Speed Flight * 
NACA TN No. 1033, 1946. 
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NACA RM No. L7C05a Fig.- 1 

(b) A = 30'. 

0 
( C )  A = 45 . 

Figure 1.- 652-215 wing mounted in l6-foot tuzulel. 
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NACA RJvI No. L7C05a Fig. 3a 

Boundary-hyer  plate installed. 

Figure 3.- Tuft patterns on a 652-215 wing with and without boundary- 

layer plate installed, A = 45', M = 0.13. 
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Boundary-layer  plate not installed. 

Fig. 3b 

. 
Boundary-layer plate installed. 

(b) u = 14'. 

Figure 3. - Concluded. 
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NACA RM No. L7C05a Fig. 4a 

A = U  

A = 30' 

(a> A = oO, XI*. 

Figure 4.- Tuft pattern on 652-215 wing, Q = 6O, M = 0.55. 
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. 
Fig. 4b 

Figure 4.- Concluded. 

. 



* '  

h = O "  

Figure 5 .-Flow pattern  indicated by tufts on a 65,-215 wing at four weep 

angles. (x= So, M= 5 5 .  
. . .  . . . . . . . . . . . .  . . . . .  
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A = 30' 

(a> A = oO, so. 

Figure 6.- Tuft patterns on a 652-215 wing, a = eo, M = 0.2. 



MACA R,M No. L7C05a Fig. 6b 

(b) A = 45O, -45'. 

Figure 6.- Concluded. 
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NACA RM No. L7C05a Fig. 8a 

,." 
" . 

A = 30' 

(a) A = oO, so. 
Figure 8.- Tuft patterns on a 65 -215 wing, a = 0 , AII = 0.55. 0 
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NACA RM No. L7C05a Fig. 8b 
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A = -45 - 0 

(b) A = 45O, -45'. 

Figure 8.- Concluded. 
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NACA RM No. L7C05a Fig. 9a 

a = 140 

(a) a = loo, 14'. 
Figure 9.- Tuft patterns on a 652-215 wing, A = 0 , M = 0.13. 0 
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a = 16' 

Fig. 9b 

- ". . . "  
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a = 17' 

(b) a = 16*, 17'. 

Figure 9.- Continued. 



NACA RM No. L7C05a Fig. 9c 

a =18 0 

(e> a = 18', 19'. 

Figure 9. - Continued. 
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. 
. . . . . . . . 

' (d) u = 20'. 

Figure 9.- Concluded. 



NACA RM No. L7C05a Fig. 10 

- Flow direction indicated by surface tufts - - - Flow direction indicated by elevated tufts 
Region of unsteady flow 

Figure lO.-FIow patterns  indicated by tufts on a 65,-215 wing at various 

angles of attack . A =O". M =  . I  3. 
. 
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NACA RM No. L7C05a Fig. llb 

(b) a = 12', 14'. 

Figure 11.- Continued. 



NACA RM No. L7C05a Fig. l l c  

a = 16' 

0 (c) a = 16 , 17'. 
Figure 11.- Continued. 



NACA R,M No. L7C05a Fig. I l d  

(d) a = 18O, 19'. 

Figure 11.- Contbued. 



NACA RM No. L7C05a Fig. l l e  

(e) a = m0, 21'. 
Figure 11.- Continued. 



NACA RM No. L7C35a Pig. llf 

(f) a = 22'. 

Figure 11.- Concluded. 



. 

NACA RM No. L7C05a Fig. 12 

- Flow directiin indicated by surface tufts - - -Flow direction  indicated  by  elevoted tlrfts 
IEZBZlRegion of unsteady flow 

1 
- - 
- 
a, c 
t 
3 

Figure 12.-Flow patterns indicated by tufts on a 65,-215 wing at various 

angles of attack. A = 309 M = -13. 



MACA RM No. L7C05a Fig. 13a 

a = 8' 

a = 12' 

( 4  a = 8 , 12 . 0 0  

I 

Figure 13.- Tuft patterns on a €E2-215 wing, A = 45 , M = 0.13. 0 
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a = 16' 

Fig. 13b 

- 
4 
r 

(b) a = I€?*, 18'. 

Figure 13.- Coritinued. 
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NACA RM No. L7C05a Fig. 13c 

a = 200 

(e> a = IS', 20'. 

Figure 13.- Continued. 



NACA R.M No. L7C05a Fig. 13d 

a = 24' 
(d) a = 2Z0, 24'. 

Figure 13.- Continued. 



NACA RM No. L7C05a Fig.  13e 

a = 26' 

u = 28' 

(e) a = 26', 28'. 

Figure 13.- Concluded. 
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NACA RM No. L7C05a Fig. 14 

-Flow direction  indicated by surface tufts 

-Region of Unsteady flow 
c- -Flow direction  indicated by elevated tufts 

J 

Figure 14 .-Flow patterns indicated by tufts on a 65,-215 wing at various 

angles of attack. A = 459 M= -13. 
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"" .- - - .. . . .  

(a) a = 8', 12'. 

Figure 15.- TL& patterns on a 652-215 wing, A = -45 , M = 0.13. 0 
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(b) a = 16'. 

Figure 15.- Continued. 
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(c) a = 18'. 

Figure 15.- Continued. 
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'ACA RM No. L7C05a Fig. 15d 

.. . . :  . .  ; 

(a) a = 20'. 

Figure 15.- Continued. 
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L 

(e) a = 22'. 

Figure 15.- Continued. 
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(f) a = 24'. 
Figure 15.- Continued. 
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0 
(g) a = 26 . 

Figure 15.- Continued. 
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(h) a = 28 . 
Figure 15.- Concluded. 
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NACA RM No. L7C05a - Fig. 16 

"- Flow direction indicated by surface tufts - - -Flow direction indicated by elevated tufts 
lZZZZZ3Region of unsteady  flow 

I 

. . -  

Figure 16 .- Flow patterns  indicated by tufts on a 65,-215 wing at 

various  angles of attack. A= -45". M=. Is. 


